This study was undertaken within the framework of an ongoing prospective study on the prognosis of asymptomatic intracranial arterial disease in patients with hypertension. Patients were consecutively recruited either from the outpatient clinic or from the ward of the Department of Hypertension at Ruijin Hospital, a tertiary public general hospital in Shanghai, China, from January 2005 to December 2010. Patients with hypertension were invited to participate in the study if they had ≥2 cardiovascular risk factors defined according to the Chinese hypertension guidelines 18 and were willing to undergo an examination of brain using computerized 
S
troke is an enormous health issue in China, being the leading cause of death, and there are ≈7.5 million survivors, three fifth of whom have had an ischemic stroke. 1 Intracranial arterial stenosis (ICAS), a common cause of ischemic stroke, 2 is more prevalent among Asians than whites 2,3 and may be a promising surrogate target for prevention of stroke. Hypertension is a well-established risk factor for both ischemic and hemorrhagic forms of stroke, as well as for ICAS. [4] [5] [6] [7] [8] [9] However, there are limited data on the significance of asymptomatic ICAS in patients with hypertension.
Ambulatory blood pressure (BP) monitoring provides diurnal BP readings, 10 and 24-hour mean BP, especially systolic BP (SBP), is well established as a strong and consistent predictor of stroke. [10] [11] [12] However, it remains unclear at which time-window epoch during 24 hours ambulatory BP is most significant as a risk predictor. Early morning is suggested as the most vulnerable period for the occurrence of stroke, during which BP exhibits a marked surge in patients with hypertension. 13, 14 Conversely, nighttime BP has also been demonstrated to be a stronger predictor of stroke 15 or equally predictive for fatal and nonfatal combined cardiovascular events compared with daytime BP. 16 No previous study has ever addressed the association between ambulatory BP and asymptomatic ICAS. We aimed to compare the strength of association between asymptomatic ICAS and ambulatory BP at different timewindow epochs during the day. Because SBP is the dominant component of BP for cardiovascular risk in middle-aged and elderly people, 17 we restricted analyses to SBP.
tomographic angiography (CTA) and participate in long-term follow-up of their health. Exclusion criteria included the presence of atrial fibrillation, severe cardiac arrhythmias that required treatment, renal dysfunction defined as an estimated glomerular filtration rate <60 mL/min per 1.73 m 2 , solid cancer, and history of transient ischemic attack or stroke. The hypertension ward was for patients with uncontrolled hypertension, for the evaluation and management of cardiovascular risk factors, and for the diagnosis of suspected secondary hypertension. Patients with hypertensive emergencies or an acute cardiovascular event were admitted to other wards and not included in this study. The Ethics Committee of Ruijin Hospital approved the study protocol. All participants provided written informed consent.
Ambulatory BP Measurement
Ambulatory BP monitoring was performed with validated SpaceLabs 90217 monitors (SpaceLabs Medical, Redmond, WA). We programmed monitors to obtain BP readings at an interval of 30 minutes throughout the day. A valid recording was defined as ≥10 BP readings during the daytime (08:00 am-5:59 pm) and ≥5 readings during the nighttime (11:00 pm-4:59 am) for a duration ≥20 hours. According to the lifestyle of local residents and the definitions of daytime and nighttime for short clock-time intervals in our previous publication, 19 we categorized 24 hours of a day into 4 common time-windows: early morning (05:00-7:59 am), daytime (08:00 am-5:59 pm), evening (6:00 pm-10:59 pm), and nighttime (11:00 pm-04:59 am). For each individual ambulatory BP recording, SBP readings within each timewindow, the consecutive 3 hours (eg, 05:00-7:59 am or 08:00-10:59 am), and for the whole day were respectively averaged for analyses.
Brain CTA
Brain CTA was performed according to standard definitions 9 with a GE FX/I helical CT scanner (General Electric, Fairfield, CT). CTA acquisitions were obtained after a single bolus intravenous injection of 70 mL Optiray Ioversol 320 into the antecubital vein at a rate of 3 mL/s. Scanning covered the whole brain with 5-mm slice thickness down to the level of aortic arch. Images were reformatted in axial, sagittal, and coronal planes with 1.25-mm slice thickness and then read at a workstation using the software of AW4.4 vessel analysis independently by 2 experienced radiologists who were blind to clinical data. Arterial stenosis was defined as a lesion characterized by a decreased arterial internal diameter, calculated as the ratio of the diameter of the diseased artery at its most severe site divided by the diameter of a nearby normal segment. The greatest stenosis at an intracranial artery was chosen as being representative for each subject. The number of arteries with stenosis for each patient was also counted. The 2 radiologists had good agreement in the identification of ICAS (κ=0.93; P<0.001), ICAS degree (κ=0.91; P<0.001), and the number of affected arteries (κ=0.93; P<0.001). All disagreements were reviewed and adjudicated by a senior radiologist (H.-W.L.) for consensus.
Other Measures
In the outpatient clinic and inpatient ward, conventional BP was measured with a mercury sphygmomanometer in patients who had rested for ≥5 minutes in the sitting position. Three consecutive BP measurements with a 1-minute interval were taken at the nondominant arm by a trained investigator. Hypertension was defined as a mean conventional systolic BP ≥140 mm Hg or diastolic BP ≥90 mm Hg on ≥3 occasions or if the subject was taking antihypertensive medication. 18 We administered a standardized questionnaire to collect information on lifestyle and medical history. Smoking was classified as never, past, and current use of tobacco. Body height and weight were measured without shoes and wearing light indoor clothing for the calculation of body mass index (weight [kg]/height [m 2 ]). Venous blood samples were collected after overnight fast and analyzed for glucose and serum lipids by automated enzymatic methods. Diabetes mellitus was defined by self-reported diagnosis or as a fasting blood glucose ≥7 mmol/L or a postprandial 2-hour blood glucose ≥11.1 mmol/L or use of antidiabetic drugs. 20 
Statistical Analysis
For database management and statistical analyses, we used the Statistical Package for the Social Sciences version 13.0 (SPSS Incorporation, Chicago, IL). Means and proportions between patients with or without ICAS were compared using the Student t test and Fisher exact test, respectively. Means among 3 groups were compared using ANOVA. To search for significant correlates of ICAS, stepwise logistic regression analysis was performed with the following variables: age, sex, body mass index, 24-hour mean SBP, current smoking and alcohol consumption, log-transformed duration of hypertension, serum total cholesterol, diabetes mellitus, and use of antihypertensive drugs. The P value for the variables to enter and stay in the model was set at 0.05. To account for the effect of clustering, the multivariate-adjusted analysis also included the setting of the BP recordings, that is, outpatient clinic versus inpatient ward. Logistic regression analysis was used to examine the association of ICAS and mean SBPs at different time-windows. Because SBPs at different time-windows were highly correlated, we first used separate regression models for each and then explored the independent associations by forcing all SBPs at different time-windows of the day into a single model. Overfitting of the model was tested by the heuristic shrinkage estimate, where a value <0.85 suggested overfitting. 21 We used the likelihood ratio test to examine whether adding early morning SBP would significantly improve the goodness of fit of the model. In further analysis to illustrate the independent association of early morning SBP with the severity of ICAS, we performed ordinal logistic regression analyses. The outcome variable indicating the degree of stenosis was coded as 0 (no stenosis), 1 (stenosis <50%), or 2 (stenosis ≥50%), and the variable indicating the number of arteries with stenosis was coded as 0 (no stenosis), 1 (1 artery), or 2 (≥2 arteries). Statistical significance was defined as a 2-tailed P<0.05.
Results

Participant Characteristics
Among 4187 screened patients, 1189 (67.1%) of 1772 eligible patients agreed to participate in the study. Compared with the nonparticipants (n=583), participants had a slightly longer history of hypertension (median, 11 versus 10 years; P=0.037) and were less likely to report drinking alcohol (10.3% versus 13.9%; P=0.037), but otherwise their characteristics were similar (P≥0.06) with regard to age, sex, smoker status, history of diabetes mellitus, and level of total cholesterol. For the present analysis, we excluded 3 subjects with poor CTA images, 407 subjects without ambulatory BP data, and 22 subjects with invalid ambulatory BP recordings (ie, recordings with a duration <20 hours [n=1] or <10 daytime [n=2] or 5 nighttime [n=19] readings).
A total of 757 patients were included in the present analysis, 229 (30.3%) from the outpatient clinic and 528 (69.7%) from the inpatient ward, and 444 (58.7%) men, 526 (69.5%) treated with BP-lowering drugs, and 120 (15.9%) patients with diabetes mellitus. The average (±SD) age was 60 (±12) years. The median (interquartile range) duration of hypertension was 11 (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) years. In all participants, 127 (16.8%) had asymptomatic ICAS (64 with stenosis ≥50% and 82 with stenosis at ≥2 intracranial arteries). Table 1 shows that patients with ICAS were older, had greater body mass index, longer history of hypertension, and higher levels of ambulatory BP and total serum cholesterol, and were more likely to have diabetes mellitus than those without ICAS. In stepwise logistic regression analysis that considered age, sex, body mass index, 24-hour mean SBP, total cholesterol, presence of diabetes mellitus, current smoking and drinking, log-transformed hypertension duration, and use of BP-lowering drugs as possible covariables, age (odds ratio [OR], 1.06; 95% confidence interval [CI], 1.04-1.09), body mass index (1.08; 1.00-1.16), 24-hour mean SBP (1.04; 1.03-1.05), serum total cholesterol (1.49; 1.18-1.87), and log-transformed hypertension duration (1.37; 1.03-1.82) were independently (P<0.05) associated with the presence of ICAS.
Factors Associated With ICAS
ICAS and Ambulatory SBP at Different Time-Windows
Patients with ICAS, compared with those without, had significantly (P<0.001) higher early morning (142 versus 126 mm Hg), daytime (139 versus 130 mm Hg), evening (138 versus 128 mm Hg), and nighttime (130 versus 117 mm Hg) SBPs. However, only the difference in early morning SBP (131 versus 128 mm Hg; P=0.012) remained significant after adjustment for age, body mass index, serum total cholesterol, log-transformed duration of hypertension, and SBPs at other time-windows of the day.
Similarly, in both unadjusted and multivariate-adjusted logistic regression analyses, SBPs in the morning, daytime, evening, and nighttime were all significantly (P<0.001) associated with the presence of ICAS (Table 2) . Each 10-mm Hg increase in SBP at any of the 4 time-windows was associated with 31% to 47% higher odds for the presence of ICAS. However, when SBPs at the 4 time-windows were simultaneously put into a single multivariate model, only SBP in the early morning (OR, 1.26; 95% CI, 1.03-1.54; P=0.025) remained significant for the presence of ICAS ( Table 2 ). The likelihood ratio test showed that adding early morning SBP into the fully adjusted model, which included the abovementioned covariates and SBPs in the daytime, evening, and nighttime, significantly improved the goodness of fit of the model (P=0.023). As shown in Figure 1 , the independent association between early morning SBP and the presence of ICAS was linear. Patients in the highest quartile of early morning In adjusted analysis, the setting of SBP recording (outpatient clinic vs inpatient ward), age, body mass index, log-transformed duration of hypertension, and serum total cholesterol were included as covariates. In fully adjusted analysis, SBPs in the early morning (5:00-7:59 am), daytime (8:00 am-5:59 pm), evening (6:00 pm-10:59 pm), and nighttime (11:00 pm-4:59 am) were additionally forced into a single model. CI indicates confidence interval; and SBP, systolic blood pressure. By using an ordinal logistic regression model, we explored the association between the severity of ICAS and ambulatory SBPs at different time-windows. In multivariate-adjusted analyses, SBPs at all 4 time-windows were significantly (P<0.001) associated with the degree of ICAS and the number of arteries with stenosis (Table 3 ). Figure 2 shows that patients with more severe ICAS or more arteries with ICAS had higher (P<0.001) early morning SBP after adjustment for other risk factors. In fully adjusted analysis accounting for SBPs at other time-windows, only early morning SBP (OR, 1.46; 95% CI, 1.14-1.88; P=0.0029) was associated with ICAS in ≥2 arteries (Table 3) .
To further illustrate the association between the presence of ICAS and ambulatory SBP at different time-windows, we computed 3-hourly mean SBPs during the day. Figure 3 shows the OR (95% CI) associated with a 10-mm Hg increase in the 3-hourly mean SBP for the presence of ICAS. After multivariate adjustment, all 3-hourly mean SBPs were significantly associated with the presence of ICAS (OR, 1.28-1.38; P≤0.001; Figure 3A) . However, only the mean SBP obtained between 05:00 am and 7:59 am remained significantly associated with ICAS (OR, 1.30; 95% CI, 1.04-1.61; P=0.019; Figure 3B ) when all 3-hourly mean SBPs were forced into a single multivariate model, of which the heuristic shrinkage estimate was 0.89.
Sensitivity Analysis
By adding an interaction term to the multivariate-adjusted model, further analyses showed a borderline significant interaction between age and early morning SBP (P=0.09) in relation to ICAS. In patients aged ≥65 years (n=285) but not in Values are odds ratios (95% confidence intervals) that were computed by running ordinal logistic regression models. In adjusted analysis, the setting of SBP recording (outpatient clinic vs inpatient ward), age, body mass index, log-transformed duration of hypertension, and serum total cholesterol were included as covariates. In fully adjusted analysis, SBPs in the early morning (5:00-7:59 am), daytime (8:00 am-5:59 pm), evening (6:00 pm-10:59 pm), and nighttime (11:00 pm-4:59 am) were additionally forced into a single model. SBP indicates systolic blood pressure. 
Discussion
Among 757 stroke-free patients with hypertension who underwent both brain CTA and 24-hour ambulatory BP monitoring, a significant and independent association was found between early morning SBP and the presence of ICAS after accounting for established cardiovascular risk factors and SBPs at other time-windows of the day. Patients with ICAS, compared with those without, had significantly higher early morning SBP. Each 10-mm Hg increase in early morning SBP was associated with 26% higher odds for the presence of ICAS and 46% for ICAS in multiple cerebral arteries.
Our findings support previous observations on the association between ambulatory BP at different time-windows and cardiovascular risk. 22, 23 In 519 older patients with hypertension followed up for an average of 41 months, 22 Kario et al 22 showed that morning (2 hours after waking up) SBP was the strongest predictor of stroke compared with SBP at other time covering the clinic, 24-hour period, and separate awake, sleep, evening (2 hours before going to bed), and preawake (2 hours before waking up) periods. Each 10-mm Hg increase in morning SBP in older patients with hypertension corresponded to a relative risk of 1.44 for incident stroke. 22 In a random sample of 1700 Danish men and women without major cardiovascular disease followed up for 9.5 years, Hansen et al 23 found that the mean systolic and diastolic BPs at any consecutive 2 hours during the day were significantly predictive of a combined cardiovascular end point, although the relative risk ratios associated with BPs were not compared between different time-windows.
Our current findings are also consistent with the results of several, [24] [25] [26] though not all, 27 previous studies addressing cardiovascular outcomes and vascular damage associated with morning BP surge. In these studies, morning BP surge was calculated as the average morning BP (2 hours after awakening) minus either the lowest nighttime BP (defined as sleep-trough morning surge) or the average BP during the 2 hours before awakening (preawakening morning surge). In an above-mentioned study, 24 patients with a sleep-trough morning SBP surge ≥55 mm Hg (top decile), compared with those in other deciles, had a significantly higher baseline prevalence of multiple cerebral infarcts (57% versus 33%; P=0.001) and incidence of stroke (19% versus 7.3%; P=0.004). Similarly, in our previous study of an international database, 25 subjects in the top decile of the morning SBP surge had a 30% to 50% higher risk for total mortality and fatal and nonfatal combined cardiovascular, cardiac, and coronary events. However, as was seen in the Ohasama study of 1430 subjects, 26 sleep-through morning SBP surge predicted cerebral hemorrhage but not ischemic stroke. Recently, Verdecchia et al 27 reported that in 3012 untreated patients with hypertension, a blunted rather than an exaggerated morning SBP surge was associated with adverse cardiovascular events. The inconsistent findings on morning SBP surge might be attributable to different characteristics of the study populations, such as the extent of morning SBP rise and the level of nighttime SBP.
Our study extends previous observations by illustrating a significant association between early morning SBP and subclinical cerebral arterial damage. As a common cause of ischemic stroke, 2,3 ICAS was estimated to account for 33% to 50% of strokes and >50% of transient ischemic attacks in Chinese people. 4 ICAS was the most common vascular lesion in patients with stroke and was highly prevalent in asymptomatic residents aged >50 years 8 or in patients with hypertension as we have observed in our previous 9 and current studies. Experts have, therefore, proposed extending the frontier of stroke prevention to asymptomatic ICAS. [2] [3] [4] 28 Although previous studies demonstrated an independent association between hypertension and ICAS, 8, 9, 29 there were no data on the association between ICAS and ambulatory BPs at different time-windows. Furthermore, the measure of asymptomatic ICAS has been obtained from transcranial Doppler ultrasonography, which has a relatively lower sensitivity in identifying ICAS than brain CTA. 30 Why SBP in the early morning, compared with SBP at the other time of the day, was independently and most closely associated with cerebrovascular damage remains unexplained. Nonetheless, previous investigations provided some clues. [31] [32] [33] Patients with hypertension with an exaggerated morning BP surge had increased serum C-reactive protein. 31 Plaques biopsied from patients with hypertension with an increased morning BP surge had increased levels of macrophages, T lymphocytes, ubiquitin-proteasome activity, tumor necrosis factor-α, and matrix metalloproteinase-9. 32 Under circumstances of enhanced inflammation and oxidative stress, 31, 32 increased activity of platelet aggregation, 33 and greater activity of the sympathetic and renin-angiotensin-aldosterone systems in the morning, the effect of morning BP on endothelial cells and subsequent atherosclerosis might be greater than at other periods of the day. 34 However, patients with intracranial atherosclerosis may have stiffer arteries 9 and hence more pronounced morning BP surge. 24 We acknowledge that our study has some limitations. First, we cannot infer any causal relationship from this cross-sectional study. Second, the definitions of consecutive 3-hourly intervals during the day were arbitrary. Our finding on the association between the 3-hourly SBP means and ICAS needs to be validated in future studies with a larger sample size. Third, as the prevalence of ICAS varied substantially between different ethnic populations, 3 our findings may not be directly generalizable to other ethnic populations, especially those with a low prevalence of ICAS. 3 Finally, the information on subject's sleeping and awake periods was not collected, which makes it impossible to examine whether morning BP surge would be a better indicator than morning BP level for ICAS.
Perspectives
In summary, our study has shown for the first time an association between early morning SBP and ICAS. Future analyses are warranted to determine whether these findings translate into prognostic significance toward incident stroke as hard outcome. Randomized controlled trials are necessary to illustrate whether controlling early morning SBP, in addition to diurnal mean SBP, further improves stroke prevention. Although early morning SBP could be measured either by ambulatory or by home BP monitoring, the widespread use of electronic oscillometric BP monitors at home makes it possible to validate whether selfmeasured home SBP in the morning provides clinical value.
